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ABSTRACT
E-Compressor has been widely used in the A/C systems of electric and hybrid vehicles due to advantages such as easy
controllability and good efficiencies. In the present work, a 3-D thermal-fluid coupled methodology is devised using
the commercial CFD software SimericsMP+® to investigate performance of an electric scroll compressor for different
operating conditions. Gaseous refrigerant enters the system at low pressure and temperature condition, flows through
the electric scroll compressor system, and exits at high pressure and temperature. Simulations were performed to study
the effect of different tip leakage sizes ranging from 0 to 100 𝜇𝑚 on the E-Compressor output. The volumetric
efficiency of E-Compressor significantly decreases with large tip leakage size. The methodology was extended to
couple the conjugate heat transfer physics to the Fluid Structure Interaction (FSI) of a reed valve downstream of the
scroll compressor. It was noticed that the volumetric efficiency of scroll compressor does show major differences.
The devised methodology is observed to be numerically robust and accurate, while achieving good computational
efficiency.

1. INTRODUCTION
Scroll compressors are widely used in HVAC industries, in A/C systems or as superchargers of automobiles, and also
as vacuum pumps. Due to fewer number of moving parts, scroll compressors are more reliable, and operate with low
noise and vibrations compared to reciprocating compressors. Understanding the flow field is important when working
on improving the performance of scroll compressors. There are several theoretical models to predict the performance
of scroll compressors. Computational Fluid Dynamics (CFD) can be used to study the flow field and reduce several
flow losses. But the challenges while performing CFD analysis of scroll compressors involve handling the mesh due
to large deformation of the fluid volume between the fixed and orbiting scrolls and also the complicated leakage paths
for the fluid. Gao and Jiang (2014) developed an automated template meshing strategy for generating and controlling
the mesh for scroll compressors that is used in the present work. The details of the meshing strategy are explained in
(Gao and Jiang, 2014, Gao et al., 2015). Using this method, Sun et al. (2017) performed 3D transient CFD analysis of
a scroll compressor to understand the 3D flow and temperature field at different orbiting angles. Gao et al. (2015) used
the same method to perform CFD simulations of a scroll compressor and predict the influence of a tip leakage seal.
With trends of electrification in the automotive industry, it is more and more common for the HVAC system
components are driven by a small electric motor. The electric motor and the compressor, in fact, form a coupled
system. While the electric motor forms the drive unit for the compressor, the gas being compressed serves as the
coolant for the electric motor coil. This combined unit is colloquially known as an E-compressor. In the present work,
3D transient Conjugate Heat Transfer (CHT) simulation of a scroll type E-compressor using the commercial CFD
tool, SimericsMP+® are performed in order to understand the influence of tip leakage gap on different performance
parameters of the E-compressor. The solid side heat transfer analysis was included in order to understand the
temperature distribution and its influence on the compressor performance. The method is extended to study the effect
of including a reed valve at the discharge port of the scroll compressor using Fluid Structure Interaction (FSI).

2. Methodology
2.1 Fluid Solid Coupling
The present work deals with a coupled simulation of the fluid and solid sides of a scroll E-compressor assembly. The
assembly includes an electrical motor side that includes the stator & rotor for the motor and a scroll compressor side
that includes fixed & orbiting scrolls. The rotating parts are supported on a common shaft and some bearings. The
complete assembly is placed inside an outer casing.
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The operation of the E-compressor can be divided into two parts. In the first part, the refrigerant enters the Ecompressor assembly at low temperature. This low temperature refrigerant passes through the motor and acts as a
coolant to take up some heat. This results in rise in temperature of the refrigerant. In the second part, the refrigerant
passes through the scroll compressor where it is compressed, and the fluid temperature increases further. This heat is
then transferred to the solids of the scroll compressor and to other solid components through conduction. In order to
accurately study the temperature distribution for the assembly, the fluid and heat equations need to be solved for both
fluid and solid sides of the assembly.
As explained in (Dhar et al., 2019, Ding et al., 2019), the time taken to stabilize the flow and temperature fields on
fluid side is only few cycles of the scroll compressor. But due to high thermal inertia, the solid side temperatures might
take few minutes to stabilize. The computational time to simulate few minutes, i.e., thousands of cycles of the
compressor, is not affordable. Hence, the fluid and solid side simulations are coupled by a Mixed Timescale Coupling
approach. It follows an iterative approach where fluid and solid are solved separately while exchanging the
temperature and heat flux data. Here, the fluid side simulation is performed as a transient simulation for one cycle of
the scroll compressor where the temperature of the solids is used as boundary condition on the fluid-solid interfaces
over the entire cycle. The solid simulation is then performed as a steady-state simulation where the heat flux from the
fluid is used as boundary condition on the fluid-solid interfaces. Then the new solid temperatures are again transferred
for the next fluid cycle simulation. This process is continued until a stable temperature distribution and heat balance
between the fluid and solid side is achieved.

2.2 Governing Equations
A finite volume approach is used for the solution of the conservation equations of mass, momentum and energy. The
conservations laws can be written as follows:
𝜕
∫ 𝜌𝑑Ω + ∫𝜌(𝑣 − 𝑣𝜎 ) ⋅ 𝑛𝑑𝜎 = 0
𝜕𝑡 Ω(𝑡)
σ

(1)

𝜕
∫ 𝜌𝑣𝑑Ω + ∫𝜌((𝑣 − 𝑣𝜎 ) ⋅ 𝑛)𝑣𝑑𝜎 = ∫𝜏̃ ⋅ 𝑛𝑑𝜎 − ∫𝑃𝑛𝑑𝜎 + ∫ 𝑓𝑑Ω
𝜕𝑡 Ω(𝑡)
σ
σ
σ
Ω

(2)

𝜕
∫ 𝜌𝐸𝑑Ω + ∫𝜌((𝑣 − 𝑣𝜎 ) ⋅ 𝑛)𝐸𝑑𝜎 = ∫𝑘∇𝑇 ⋅ 𝑛𝑑𝜎 − ∫𝑝𝑣 ⋅ 𝑛𝑑𝜎 + ∫(𝑣 ⋅ 𝜏̃ ) ⋅ 𝑛𝑑𝜎 + ∫ 𝑓 ⋅ 𝑣𝑑Ω
𝜕𝑡 Ω(𝑡)
σ
σ
σ
σ
Ω

(3)

For the solid model, only the energy equation is solved. To account for turbulence in the fluid model, the standard
𝑘 − 𝜀 two-equation model with wall functions is used that can be expressed as follows:
𝜕
𝜇𝑡
∫ 𝜌𝑘𝑑Ω + ∫𝜌((𝑣 − 𝑣𝜎 ) ⋅ 𝑛)𝑘𝑑𝜎 = ∫ (𝜇 + ) (∇k ⋅ 𝑛)𝑑𝜎 + ∫ (𝐺𝑡 − 𝜌𝜖)𝑑Ω
𝜕𝑡 Ω(𝑡)
𝜎
𝑘
σ
σ
Ω
𝜕
𝜇𝑡
𝜀
𝜀2
∫ 𝜌𝜀𝑑Ω + ∫𝜌((𝑣 − 𝑣𝜎 ) ⋅ 𝑛)𝜀𝑑𝜎 = ∫ (𝜇 + ) (∇ϵ ⋅ 𝑛)𝑑𝜎 + ∫ (𝑐1 𝐺𝑡 − 𝑐2 𝜌 ) 𝑑Ω
𝜕𝑡 Ω(𝑡)
𝜎𝜀
𝑘
𝑘
σ
σ
Ω

(4)
(5)

2.3 Fluid Model
The fluid domain is extracted using standard CAD operations commonly available in any CAD package. The extracted
fluid domain was then split into few parts in order to assign the rotation conditions to the required regions like the
motor rotor, bearings, etc. The fluid domain is meshed using the General Mesher available in SimericsMP+® except
for the scroll and reed valve. The General Mesher uses an automated binary tree meshing algorithm. It starts by
splitting the domain into Cartesian hexahedral cells and refines the cell sizes by a factor of two near the boundaries in
order to accurately capture the surfaces. The advantages of binary tree meshing are highlighted in Ding et al. (2011).
The deforming region of the scroll compressor is split and the split CAD is used to generate the mesh of scroll
compressor. As shown in Figure 1, structured hexahedral mesh is generated in scroll region. The mesh deformation
upon rotation of the orbiting scroll is handled by the scroll template during simulation.
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Figure 1: Cross-section view of scroll rotor template mesh.
The cross-section view of the Reed valve mesh at two different positions of the valve is shown in Figure 2. The
opening of the reed valve is controlled by Fluid Structure Interaction approach where the following torsional dynamics
equation is solved for angular displacement of the valve against the fluid torque acting on the valve. More details
about the modelling a reed valve are described in Ding and Gao (2014).
𝐼

𝑑2 𝜃
𝑑𝜃
+𝐶
+ 𝑘𝜃 = 𝜏(𝑡)
𝑑𝑡 2
𝑑𝑡

(6)

Figure 2: Cross-section view of reed valve mesh at (a) closed position and (b) 5° opening
The specifications of the scroll compressor are shown in Table 1.
Table 1. Scroll Compressor specifications
Items
Suction Volume [𝑚𝐿]
Scroll Height [𝑚𝑚]
Scroll Thickness [𝑚𝑚]
Suction Temperature [°𝐶]
Suction Pressure [𝑏𝑎𝑟]
Discharge Pressure [𝑏𝑎𝑟]
Radial Clearance [𝜇𝑚]

Specifications
15.4
19.4
2.89
12
3
11
20

The working fluid is R1234yf in its gaseous form. The properties of the refrigerant like density, viscosity, conductivity
etc. are provided as a function of temperature and pressure from NIST tables (Lemmon et al., 2007). The suction

26th International Compressor Engineering Conference at Purdue, July 10 – 14, 2022

1239, Page 4
pressure and temperature for the fluid is set to 3 bar and 12 °C while the discharge pressure is fixed to 11 bar. The
motor and the scroll are rotating at 8600 rpm. The fluid solid interface boundaries are assigned as temperature
boundary condition from the solid side simulation which is mapped using the Mixed Timescale Coupling approach.

2.4 Solid Model
The solid mesh is generated using the General Mesher in SimericsMP+®. All solid components of the assembly
including motor, bearings, scroll and casing are included in the simulation. Total mesh count of the solid model is
around 3 million.
The motor coil, stator and rotor are assigned a total heat source of 108 W, 75.6 W and 32.4 W respectively. The fluidsolid interface boundaries are assigned convection boundary condition where the heat transfer coefficient and the fluid
reference temperature are mapped from the fluid side by the Mixed Timescale Coupling approach. The remaining
boundaries open to atmosphere are assigned convection boundary condition with heat transfer coefficient of 5 W/m2K
and ambient temperature of 15 °C.

3. Results and Discussion
3.1 Mesh Independent Study
Two cases with different mesh size were compared to ensure the mesh independence. For mesh 1, the maximum cell
size is 1 mm; For mesh 2, the maximum cell size is reduced to 0.5 mm. Total cell count is 1.7 million for mesh 1 and
5.9 million for mesh 2. Figure 3 and Figure 4 show the comparison of mass flow rate and average temperature at outlet
boundary. The revolution-averaged mass flow rate is around 119 kg/hour for both cases. The average temperature on
outlet boundary is around 48.2 ℃ for both cases as shown in Figure 4. Mesh 1 with coarse mesh performs close enough
flow and thermal properties as mesh 2 with fine mesh. Therefore, the mesh settings of mesh 1 is adopted in this work.

Figure 3: Comparison of mass flow rate through outlet boundary between cases with different mesh settings.
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Figure 4: Comparison of temperature at outlet boundary between cases with different mesh settings.

3.2 Effect of Tip Leakage Size
Simulations were performed to study the effect of different tip leakage sizes ranging from 0 to 100 𝜇𝑚. A same tip
leakage size is assumed on fixed and orbiting scroll sides. Figure 5 shows how the tip leakage is applied. Detailed
information of cases with different tip leakage sizes are included in Table 2. Multiple compressor output variables are
compared, including volumetric efficiency of E-Compressor and thermal properties in the downstream of ECompressor.

Figure 5: Tip leakage (enlarged for viewing) between the fixed (yellow) and orbiting scroll (blue).
Table 2: Case information with different tip leakage sizes
Case
1
2
3
4
5
6

Tip Leakage
Size [𝜇𝑚]
0
20
40
60
80
100

Orbiting scroll
side [𝜇𝑚]
0
10
20
30
40
50

Fixed scroll
side [𝜇𝑚]
0
10
20
30
40
50

Figure 6 shows the outlet mass flow rate at the discharge port of the scroll compressor over a period of one revolution
for different tip leakages. The maximum flow rate is observed close to crank angle of 115 degrees for all tip leakage
sizes, but the flow output reduces as the tip leakage increases. The net flow rate across the compressor also reduces
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with increasing tip leakage size which leads to reduction of volumetric efficiency as shown in Figure 7. The volumetric
efficiency is close to 96% for the case without any tip leakage and reduces up to 70% for the case with 100 𝜇𝑚 tip
leakage.

Figure 6: Outlet mass flow rate at discharge port of scroll compressor.

Figure 7: Volumetric Efficiency for different tip leakage sizes
The temperature output at the outlet boundary of the assembly is shown in Figure 8. The outlet temperature increases
with tip leakage. There could be two reasons for this. Since the flow rate reduces with increasing tip leakage, the heat
generated in the motor solids is not effectively cooled. This leads to higher temperatures for the motor coil, stator and
rotor as shown in Figure 9. Subsequently, the fluid side temperatures are also higher. This leads to compression of
high temperature fluid in the scroll compressor. The other reason could be higher residual time for fluid inside the
compressor volume causing re-compression of high temperature refrigerant that leaks out of the tip leakage gaps into
the suction side of the scroll compressor. Because of higher fluid side temperatures, the scroll solid temperatures also
increase with tip leakage size as shown in Figure 10.
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Figure 8: Temperature at outlet boundary of E-compressor for different tip leakage sizes

Figure 9: Maximum Solid Temperature in motor solids for different tip leakage sizes

Figure 10: Maximum Solid Temperature in scroll solids for different tip leakage sizes
The temperature distribution on a cross section across the scroll compressor fluid is shown in Figure 11 for the Case
1 without any tip leakage. The temperature on the suction side is close to 23 °C and gradually increases as we move
closer to the center. The temperature increases up to 57 °C. The temperature distribution on the solid E-compressor is
shown in Figure 12. Higher temperatures are observed towards the bottom since the scroll compressor, that has the
highest temperatures, is present near the bottom. The scroll solid temperatures are shown in Figure 13. The maximum
temperature observed for the orbiting scroll is 50 °C while that for the fixed scroll is 51 °C. Maximum temperatures
were observed near the center tip of the solids which correspond to the highest fluid temperature zones. Similar
distribution was observed for other tip leakage gaps but with higher temperatures.
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Figure 11: Temperature contours on mid-cross section through scroll fluid side for Case 1

Figure 12: Temperature contours on the E-compressor (a) casing, (b) coil and orbiting scroll for Case 1
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Figure 13: Temperature contours on fixed and orbiting scroll for Case 1

3.3 Effect of Reed Valve
A second set of simulations are performed where a reed valve is placed at the discharge port of the scroll compressor
in order to study the influence of such valves on the compressor performance. Figure 14 shows the outlet flow rate at
the discharge port for Case 1 without tip leakage over a period of one rotation of the orbiting scroll. It can be observed
that with the reed valve, the discharge takes place in three parts over a period of a cycle instead of one wave observed
in the case without reed valve, which indicates that the reed valve flutters thrice in one cycle. Also, the discharge flow
rate reduces with each flutter as some fluid discharges after each flutter.

Figure 14: Outlet mass flow rate at discharge port of scroll compressor for Case 1
The opening of the reed valve is shown in Figure 15 for Case 1 and Case 3. The reed valve flutters three times in one
cycle. Once sufficient pressure is built up in the scroll discharge chamber, the reed valve opens and discharges some
fluid that leads to drop in pressure in the chamber and some closure of the reed valve. But the compression of the fluid
continues, and the reed valve opens again but with a smaller angle. The same phenomenon is repeated for a third time
with a smaller angle of opening. It is also observed that the opening of reed valve reduces with increasing tip leakage
size.
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Figure 15: Reed valve opening over a period of cycle
Figure 16 shows the volumetric efficiency for different cases. Apart from reduction in volumetric efficiency due to
tip leakage, there is further reduction due to the reed valve. This is because, when the reed valve is closed, more flow
can leak through the tip leakage that leads to overall reduction of refrigerant flow.

Figure 16: Volumetric Efficiency for different tip leakage sizes
Along with reduction in fluid flow rate and increased leakage flow, the overall fluid temperature also increases due to
the reed valve as explained earlier. Figure 17 shows the outlet temperature for the E-compressor assembly with and
without reed valve.

Figure 17: Temperature at outlet boundary of E-compressor for different tip leakage sizes
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4. CONCLUSIONS
In the present work, the methodology for the 3D Conjugate Heat Transfer simulation of a scroll E-compressor using
a commercial CFD program, SimericsMP+®, is shown. The simulation of both fluid and solids sides of the Ecompressor is performed. The meshing of the scroll compressor was done using an automated template mesher that
can also handle the strong deformation of the fluid regions. Using a Mixed Timescale Coupling approach, the
simulations are performed to study the influence of axial leakage gaps on the performance of the scroll compressors.
By including the solid thermal simulation also, the heat transfer is captured and affects inlet temperature of the fluid
in the scroll compressor and in turn, its performance. Later, a reed valve is included at the discharge port of the scroll
compressor to study its influence on the compressor performance. It is observed that axial leakage gaps and reed valve
have a negative influence on the performance of scroll compressors. The developed methodology can be extended to
perform parametric studies like the influence of different refrigerant inlet temperatures, operating pressures, ambient
temperatures, etc. Using the template mesh for the scroll compressor and the circumferential valve makes the
simulation setup easy and fast. Also, 2 cycles of the coupled simulation can be run in an hour on 64 cores that indicates
a good computational efficiency.
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